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ABSTRACT: Pursuing efficient and low-cost electrocatalysts is crucial for the performance of 
water-alkali electrolyzers towards water splitting. Earth-abundant transition metal oxides, in spite 
of their alluring performances in the oxygen evolution reaction, are thought to be inactive in the 
hydrogen evolution reaction in alkaline media. Here, we demonstrate that pure TiO2 single 
crystal, a typical transition metal oxide, can be activated towards electrocatalytic hydrogen 
evolution reaction in alkaline media through engineering interfacial oxygen vacancies. 
Experimental and theoretical results indicate that subsurface oxygen vacancies and low 
coordinated Ti ions (Ti3+) can enhance the electrical conductivity and promote electron transfer 
and hydro-gen desorption, which activate reduced TiO2 single crystal in the hydrogen evolution 
reaction in alkaline media. This study offers a rational route for developing reduced transition 
metal oxide for low-cost and highly active hydrogen evolution reaction catalysts, to realize over 
all water splitting in alkaline media. 
KEYWORDS: Titania, oxygen vacancy, hydrogen evolution reaction, alkaline media, Ti3+ ions, 
water splitting, in-situ STM observation 
 
Introduction 
    Water-alkali electrolyzers for overall water splitting exhibit tremendous potential for the 
evolution of high-purity hydrogen and oxygen gases, with the additional values of simple 
processes, zero CO2 emissions, and low pollutants.
1 Pursuing efficient, low-cost, and non-
precious-metal electrocatalysts for the hydrogen evolution reaction (HER) or the oxygen 
evolution reaction (OER), or both, is the central research interest in recent progress towards 
large-scale industrialization. A variety of highly-active earth-abundant transition metal oxides 
(TMOs) have been proven to be appealing alternatives to noble-metal based (Ir, Ru, Pt) 
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electrocatalysts for the OER in alkaline media. Their success has stimulated research interest in 
exploring TMOs as electrocatalysts for the HER in alkaline media,2-8 which can realize overall 
water splitting by electrocatalysis in a cheap, feasible, and durable way to create clean energy. 
Unfortunately, most TMOs exhibit intrinsically low electrical conductivity and unfavorable 
hydrogen adsorption desorption capability, which hinders their use as electrocatalysts for the 
HER in alkaline media.8-10 
    In order to overcome these obstacles, great efforts have been dedicated to the development of 
complex TMO systems for the HER in alkaline media, which include transition metal 
(TM)/TMO/carbon hierarchical structures,11-15 mixed TMOs,16-20 and reduced or metallic 
TMOs21-26. In these TMO-based electrocatalysts, conductive supporting materials, such as 
carbon nanofibers, carbon nanotubes, and Ni foam, can effectively increase the electrical 
conductivity of the TMOs. This enables effective charge transfer in the electrocatalytic process 
to occur on the surfaces of electrocatalysts. The TMO components can promote water 
dissociation to produce hydrogen intermediates (Hads).
9,15,21 The Hads adsorbed on the active sites 
on metals with low coordination numbers (such as Ni and Co) could recombine into hydrogen 
molecules.11,23 Despite considerable progress in the preparation of TMO-based electrocatalysts 
for the HER in alkaline media, it still remains a challenge to precisely synthesize these composite 
electrocatalysts with controllable structures and reproducible performances, due to their 
complicated preparation and complex structures. Alternatively, given their excellent water 
dissociation capability, simple-component TMOs are expected to be used in electrocatalysis for 
the HER in alkaline media if their low electrical conductivity and unfavorable Hads 
adsorption/desorption capability could be overcome.27-29  
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    Herein, we demonstrate that rutile TiO2 single crystal can be activated towards the HER in 
alkaline media by thermal reduction in vacuum conditions. It shows unexpected HER activity 
with excellent stability and durability in alkaline media. Oxygen vacancies (OVs) and low-
coordinated Ti ions (Ti3+) dominate the HER activity of the reduced TiO2 single crystal by 
modulating the electrical conductivity and facilitating charge transfer among electrocatalytic 
active sites and Hads. Combined with density functional theory (DFT) calculations on the Gibbs 
free energy, the overall pathways of the electrocatalytic HER over reduced TiO2 in alkaline 
media are revealed. This work provides a fundamental understanding of the electrocatalytic 
activity of thermally reduced TiO2 towards the HER, which is of immense scientific importance 
towards the development of high-performance, low-cost, and durable TMOs-based 
electrocatalysts for overall water splitting in alkaline media. 
Result 
    Reduced TiO2(110) samples were prepared through annealing stoichiometric TiO2(110) single 
crystals in ultra-high vacuum (UHV, < 1 × 10-10 Torr) at 900 K. The highly crystalline structure 
of the reduced TiO2 single crystal has been verified by cross-sectional high-angle annular dark-
field (HAADF) images, as shown in Fig. 1a. The corresponding crystal structure is illustrated in 
the Fig. 1a inset, in which the rows of bridging oxygen (Obr) atoms and five-coordinated titanium 
(Ti5C) atoms alternately lie in a plane along the [001] direction.
30 Fig. 1b shows a large scale 
HAADF image of the reduced TiO2 single crystal, in which gradually darkening contrast is 
observed from the bulk region (with a depth of 100 nm) to the top surface, suggesting that the 
oxygen deficiency (or OVs) increases from the bulk region to the surface, as the contrast in 
HAADF mode is proportional to the average atomic number of atomic columns.31 The removed 
oxygen atoms leave behind two excess electrons per OV, which will be harvested by the 
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neighboring Ti atoms and induce the formation of Ti3+ ions near the surface region. This was 
confirmed by Ti 2p X-ray photoelectron spectroscopy (XPS) spectra collected from the reduced 
TiO2 single crystal (Fig. 1e). A peak assigned to Ti
3+ ions was observed around 457 eV. The 
oxygen deficiency distribution in the reduced TiO2 single crystal was analyzed by in-situ 
electron energy loss spectroscopy (EELS). The core-level and Ti-L edge spectra were acquired at 
three different regions (10 nm, 50 nm, and 100 nm below the surface), which are marked in Fig. 
1b. As shown in the Ti-L edge spectra (Fig. 1c), the gradual reduction of the t2g/eg peak area ratio 
along with the less resolved eg splitting (Δ = dz2 − dx2-y2) at the Ti-L3 edge in reduced TiO2 is 
clearly shown from the bulk region to the surface. This reflects the presence of Ti3+ ions and 
their gradually increasing concentration from the bulk region to the surface. Since the Ti3+ ions 
are given rise to the OVs, a gradually increasing concentration of OVs from the bulk region to 
the surface in reduced TiO2 single crystal can be revealed and has been plotted in Fig. 1d (See 
more STEM and EELS results in Figs. S1-S4 in Supporting Information). In XPS valence band 
spectra (Fig. 1e inset), an additional mid-gap state (generally denoted as the Ti 3d defect state) 
located at 0.8 eV below the Fermi level was observed, which is attributed to the OVs in the 
surface area (see DFT calculations of the mid-gap states caused by OVs in Fig. S5 in Supporting 
Information). 
To evaluate the electrocatalytic activity of reduced TiO2 single crystals, two TiO2 samples with 
different OV concentrations (OV-low TiO2 and OV-high TiO2 single crystals) were selected to 
assess their HER performance in alkaline media. The OV-low TiO2 and OV-high TiO2 single 
crystals were annealed at 900 K in UHV for 5 hours and 50 hours, respectively. A Nb-doped 
(0.43 at%) TiO2 single crystal was also selected as a reference sample to perform HER under the 
same conditions. As shown in Fig. 2a, OV-high TiO2 exhibited considerable HER activity with a 
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current density of 22.8 mA.cm-2 at −0.80 V in 1 M KOH aqueous solution. It showed excellent 
HER stability in alkaline media, which was verified by a cycling test of 1000 consecutive cycles 
(Fig. 2a), and superior durability in HER activity over 18 hours of continuous operation at −0.7 
V versus reversible hydrogen electrode (RHE) (Fig. 2b). The chemical stability of OV-high TiO2 
was also confirmed by the unchanged Raman spectra obtained before and after the cycling test in 
Fig. S6 in Supporting Information.  The Tafel slope near the substantial cathodic current region 
is 187.5 mV∙dec-1, as plotted in Fig. 2c. In contrast, the OV-low TiO2 was not electrocatalytically 
active under the same conditions, while the reference Nb-doped TiO2 single crystal exhibited 
very weak electrocatalytic HER activity. As is well known, electrical conductivity and the 
number of electrocatalytic sites are of great significance for the catalytic performance of 
electrocatalysts. Five-probe Hall effect measurements (Figs. S7 and S8 in Supporting 
Information) were carried out to reveal the conductivities of all the TiO2 single crystals. It was 
found that the OV-high TiO2 showed electrical resistivity of 80.0 × 10
-3 Ω∙m, which is lower 
than that of the OV-low TiO2 (94.0 × 10
-3 Ω∙m). The charge carrier density in OV-high TiO2 (1.9 
× 1017 cm-3) is about 40 times higher than that in the OV-low TiO2 (4.8 × 10
15 cm-3). The 
conductivities of both reduced TiO2 samples are believed to arise from the mid-gap state induced 
by OVs (Fig. 1e). The reference Nb-doped TiO2 single crystal exhibits the highest electrical 
conductivity of 40.6 × 10-3 Ω∙m and the highest charge carrier density of 3.2 × 1017 cm-3 among 
all the samples. The weak electrocatalytic activity of the reference Nb-doped TiO2 single crystal, 
however, demonstrates that good electrical conductivity is inadequate to enable TiO2 activity 
towards the HER in alkaline media. Fig. 2d shows the double layer capacitance (Cdl) values of 
the three samples, which were obtained by fitting the slope of the capacitive current versus scan 
rate measured from the cyclic voltammetry (CV) curves (Fig. S10 in Supporting Information). 
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The OV-high TiO2 shows the Cdl value of 72.4 mF.cm
-2, which is much higher than for the OV-
low TiO2 (Cdl = 16.0 mF.cm
-2) and the reference Nb-doped TiO2 (Cdl = 8.8 mF.cm
-2). Because 
the Cdl is proportional to the electrochemically active surface area (EASA) of catalysts, this 
suggests that the elevated electrochemical HER of OV-high TiO2 is not only given rise by the 
increased electrical conductivity and the charge carrier density, but also attributed to the large 
number of electrocatalytically active sites. 
    In order to reveal the catalytic process associated with active sites at the atomic level, scanning 
tunneling microscopy (STM) investigations were carried out on the OV-high TiO2(110) single 
crystal. Terraces with a width of several hundred nanometers and a 1 × 1 structure can be 
identified in the OV-high TiO2(110) surface, as shown in Figs. S11 and S12 in Supporting 
Information. Three bright protrusions were observed, which represent OV point defects, 
adsorbed H2O molecules (Ad-H2O), and OH groups. Their apparent heights allow us to identify 
them in STM images (see detailed descriptions in Figs. S13 and S14 in Supporting Information). 
It should be noted that OVs are the majority structural defects on the surface of the OV-high 
TiO2(110) single crystal. All the adsorbed H2O molecules reside on OV sites, which has been 
confirmed by the adsorption dynamics observed in STM (Fig. 3a and 3b). OHs also appeared on 
the OV sites after dissociation of H2O molecules (Fig. S15 in Supporting Information). This 
phenomenon suggests that surface OVs are highly active towards adsorbing and dissociating 
residual H2O molecules in UHV. In addition, each OV induces two surrounding Ti
3+ ions, which 
was revealed in STM images taken with negative sample bias (filled-state), as shown in Fig. 3c 
and 3d. Recent investigations pointed out that the Ti3+ ions in reduced TiO2 exhibit polaron 
behavior.32-34 This enables Ti3+ ions to rapidly hop across the nearby lattice in rutile, and thus, 
leads to the reduced rutile TiO2 conductivity. Since the electrical conductivity of reduced TiO2 is 
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proportional to the concentration of Ti3+ ions, this supports the proposition that the OV-high 
TiO2(110) single crystal possesses higher conductivity than the OV-low sample. In order to 
simulate electrocatalytic HER processes, we applied a sample bias to allow the STM tip to act as 
an electron donator to the OV-high TiO2(110) single crystal surface.
35,36 Both Ad-H2O and OHs 
disappeared from the sample surface when the bias was higher than the threshold of 2.0 V, as 
shown in Fig. 3e and 3f. Meanwhile, the OVs at corresponding sites were also healed. This 
indicates that hydrogen desorption of Ad-H2O and OHs occurred on the OV-high TiO2(110) 
surface at the cost of consumption of OVs. In this case, the HER activity of reduced TiO2(110) 
single crystal is expected to be depressed gradually with a decreasing concentration of OVs. 
Nevertheless, this contradicts our cycling stability results in Fig. 2a and 2b, in which the OV-
high TiO2(110) surface exhibited excellent stability and durability, suggesting that OVs in the 
surface are not adequate to drive the electrocatalytic HER constantly and steadily, although they 
are active towards adsorbing H2O molecules and OHs. 
The origins of the electrocatalytic HER activity of the reduced TiO2(110) surface in alkaline 
media was further revealed by DFT calculations, in terms of thermodynamics and kinetics, as 
shown in Fig. 4. The surface structures were modeled according to STEM and STM results 
obtained on TiO2(110) surface with OVs. As shown in Fig. 4a, it was found that water molecules 
prefer to be dissociated at surface OV (surfOV) site in initial stage (step 1). The produced 
hydrogen atoms are favorable towards combing in pairs and forming hydrogen molecules (step 2 
to 3 in Fig. 4a). All the reaction steps are exothermic processes. This supports our hypothesis that 
the surface OVs are easily to be healed during the electrochemical reaction. Hence, it indicates 
that surfOVs were not sustainable which agrees with STM observations in Fig. 3. HER pathway 
on the reduced TiO2 with sublayer OV (subOV), as well as the pristine TiO2 were further 
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calculated, as shown in Fig. 4b (see the main reaction pathway and overall pathway in Fig. S17 
and S18 in Supporting Information, respectively). Hydrogen desorption reaction (Heyrovsky 
reaction) step between intermediate 2 and intermediate 3 is determined to be the rate-limiting 
step with the largest free energy difference for both pristine TiO2 and reduced TiO2. The pristine 
TiO2 needs a theoretical potential of URHE = ‒1.33 eV to overcome this energy barrier. In 
contrast, the potential barrier can be effectively lowered on the reduced TiO2 to enable all HER 
reaction steps to be exothermic and energetically favorable, due to the presence of subOV. This 
has been confirmed experimentally in our electrocatalytic HER process, in which onset potential 
for HER in reduced TiO2 was significantly decreased. Therefore, the theoretical calculations 
suggest that the electrocatalytic HER activity of reduced TiO2(110) single crystal mainly 
originates from subOVs, which can effectively promote the hydrogen desorption capability and 
lower the overpotential of HER in alkaline media. 
Discussion 
    Our study shows that inactive pure rutile TiO2(110) single crystal can be activated towards the 
HER in alkaline media through creating OVs and accompanying Ti3+ ions by annealing in UHV. 
OVs and Ti3+ ions in the surface region dominate the electrical conductivity of reduced TiO2 and 
the amount of electrocatalytic active sites. Combining the well-characterized atomic surface 
structure and theoretical calculations, we conclude that subOVs can promote the electron transfer 
and hydrogen desorption in the electrocatalytic HER on reduced TiO2 in alkaline media. 
Considering that all the electrochemical characterizations were performed on a single crystal 
sample with atomically flat surface and low specific surface area, the overpotential is expected to 
be significantly decreased in reduced TiO2 nanoparticles with a higher density of active sites. In 
addition, the rich diversity of defects, facets, polymorphs and morphologies of TiO2, which have 
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great impacts on its electrocatalytic activities, allow its electrocatalytic activities to be further 
enhanced through rational engineering and optimization. Our work helps to elucidate the 
fundamental mechanism of the electrocatalytic activity of reduced oxides towards the HER, 
which is of immense fundamental and practical importance towards an in-depth understanding 
and rational optimization of TMOs as electrocatalysts in alkaline media. 
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Figures and Figure captions. 
 
Figure 1. (a) Cross-sectional scanning transmission electron microscopy (STEM) image of 
reduced TiO2(110) single crystal in HAADF mode, showing a high crystalline structure both in 
the surface and bulk regions. Inset is the crystal structure of the rutile TiO2(110). (b) Large-
region cross-sectional STEM image of reduced TiO2(110) single crystal in HAADF mode, in 
which three areas with different depth from the surface (10 nm, 50 nm, and 100 nm) are marked. 
(c) Corresponding in-situ EELS Ti-L edge spectra of the three regions marked in (b). (d) Relative 
peak area ratio of the t2g and eg peaks acquired from (c), which indicates the gradually increasing 
OV concentration from the inner bulk region to the surface region. (e) In-situ Ti 2p XPS spectra 
of the pristine and reduced TiO2 single crystal; inset shows valence band (VB) XPS spectra of 
pristine and reduced TiO2 single crystal. 
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Figure 2. (a) Linear sweep voltammetric (LSV) data on different electrocatalysts for the HER at 
the rate of 10 mV∙s-1, inset shows the pristine TiO2(110) single crystal (P), OV-low TiO2(110) 
single crystal (L), OV-high TiO2(110) single crystal (H), and the Nb-doped TiO2(110) single 
crystal (Nb). The OV-high TiO2 was tested for 1000 cycles with the LVS curve shown as the red 
solid and green dashed lines for before and after cycling, respectively. (b) Cycling stability over 
18 h of the OV-high sample at a potential of –0.7 V. (c) Tafel plot of the OV-high TiO2. (d) Cdl 
determined from the linear fitting of the capacitive current vs. scan rate, measured from the 
cyclic voltammetry (CV) curves of OV-high TiO2, OV-low TiO2 and Nb-doped TiO2. 
 
 
 19 
 
Figure 3. In-situ STM studies on electrocatalytic dynamics occurring on TiO2(110) surface 
associated with oxygen vacancies. (a) STM image of the partially hydroxylated TiO2 surface, 
with the OVs indicated by light blue arrows (15 nm × 15 nm, 1.2 V, 20 pA). (b) STM image of 
the same region of a, with the OVs mostly filled by H2O (15 nm × 15 nm, 1.2 V, 20 pA). (c) 
STM image of the reduced TiO2 surface with two individual OVs in the empty-state (1.2 V, 20 
pA). (d) STM image of the same region of (c), but in the filled-state, with Ti3+ ions indicated by 
red arrows (-2.3 V, 10 pA). (e) STM image of the partially hydroxylated TiO2 surface, with OVs, 
OHs, and Ad-H2O appearing on the surface (1.2 V, 20 pA). (f) STM image of the same region of 
e after the OHs and Ad-H2O were removed by the last scan with a tip bias of 2.5 V. (1.2 V, 20 
pA). 
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Figure 4. DFT calculations reveal roles of oxygen vacancies in electrocatalysis on TiO2(110) 
surface. (a) Free energy pathways of the relevant reaction intermediates in alkaline media on the 
reduced TiO2 with both surfOV and subOV, with the OVs marked as solid black circles. (b) 
Compare of HER free energy of pristine TiO2 and reduced TiO2 with subOV and Obr-H
* (an 
onset potential of URHE = ‒1.15 V determined from the rate limiting step of electrocatalyst M 
was applied for both catalysts). 
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